Theoretical models of oxygen transport in the myocardium have failed to account for low average tissue pC>2 relative to to coronary sinus pC>2, measured with pO 2 electrodes and myoglobin saturation, and for hypoxic contractile failure at relatively high coronary sinus pO 2 levels. These findings could be explained by either arteriovenous diffusional shunting or a limiting rate of transfer of oxygen from blood to tissue, or both. To gain new insights, we performed multiple indicator dilution tracer experiments across the coronary circulation in the dog, with 18 O 2 as the oxygen tracer and 51 Cr-labeled red cells as the reference tracer for oxygen. I-Albumin and 22 Na + were included to provide the relative plasma flow rate. The tracer oxygen outflow curve consisted of a large early peak related to its reference red cell curve. No tracer emerged before the labeled red cells. The downslope, which contains the returning component of the tracer curve, decreased less steeply when oxygen consumption was reduced by propranolol. Fitting the tracer oxygen outflow curve with a distributed model including irreversible sequestration behind a resistance gave a transfer rate constant which was relatively small, and a relatively large rate constant for sequestration. Relative oxygen consumption (estimated from the arteriovenous difference) correlated closely with the rate constant for sequestration. Estimated average tissue oxygen concentrations were of the order of one-third blood concentration. Dimensional analysis indicates that the low transfer rate constant derives from hemoglobin-oxygen binding; this decreases fractional tracer oxygen transfer in proportion to the ratio of plasma:red cell oxygen pools (CircRes 56: 57-71, 1985) 
SUMMARY. Theoretical models of oxygen transport in the myocardium have failed to account for low average tissue pC>2 relative to to coronary sinus pC>2, measured with pO 2 electrodes and myoglobin saturation, and for hypoxic contractile failure at relatively high coronary sinus pO 2 levels. These findings could be explained by either arteriovenous diffusional shunting or a limiting rate of transfer of oxygen from blood to tissue, or both. To gain new insights, we performed multiple indicator dilution tracer experiments across the coronary circulation in the dog, with 18 O 2 as the oxygen tracer and 51 Cr-labeled red cells as the reference tracer for oxygen. I-Albumin and 22 Na + were included to provide the relative plasma flow rate. The tracer oxygen outflow curve consisted of a large early peak related to its reference red cell curve. No tracer emerged before the labeled red cells. The downslope, which contains the returning component of the tracer curve, decreased less steeply when oxygen consumption was reduced by propranolol. Fitting the tracer oxygen outflow curve with a distributed model including irreversible sequestration behind a resistance gave a transfer rate constant which was relatively small, and a relatively large rate constant for sequestration. Relative oxygen consumption (estimated from the arteriovenous difference) correlated closely with the rate constant for sequestration. Estimated average tissue oxygen concentrations were of the order of one-third blood concentration. Dimensional analysis indicates that the low transfer rate constant derives from hemoglobin-oxygen binding; this decreases fractional tracer oxygen transfer in proportion to the ratio of plasma:red cell oxygen pools (CircRes 56: 57-71, 1985) THE description of the distribution of oxygen to tissue began when Krogh, with Erlang (Krogh, 1919) devised a steady state model (without flow) in which a cylindrical source was visualized to feed oxygen to tissue where it was consumed and distributed in a spatially uniform fashion. In this model, the existence of resistance to oxygen transfer at the interface was not visualized. This initial formulation was designed to give some insight into the distribution of oxygen in resting skeletal muscle, where the distances between perfused capillaries are relatively large and where substantial gradients in oxygen concentration will then develop between perfused vessels. In subsequent decades, flow along the length and the appropriate conservation equations have been added to the model. This model has become the paradigm used to estimate the distribution of oxygen tensions in tissue and to predict physiological changes. The model has been explored numerically, with appropriate values for oxygen contents, diffusion coefficients, tissue dimensions, and flows. From these explorations, predicted sets of values for capillary and tissue oxygen tensions have been obtained.
The heart is a constantly working muscle, consuming substantial amounts of oxygen, in which the distances between perfused capillaries are very small in comparison with resting skeletal muscle. When numerical explorations of the type outlined above are carried out in a Krogh type (no resistance at the interface) model with dimensions corresponding to that of a capillary tissue unit in the heart, and when the expected decrease in oxygen tension from artery to coronary sinus is matched, the predicted decreases in pO 2 from capillary to tissue in the short distances available between capillaries, perpendicular to their long axes, are found to be relatively small, of the order of 2-3 mm Hg (Lubbers, 1982) . When these predictions and the inferences which arise from them are compared to experimental observations, three major discrepancies are found. First, in both buffer-perfused (Schubert et al., 1978) and in situ (Whalen, 1971 ) hearts, tissue pO 2 values recorded with small pO 2 electrodes (tip diameter <5 pm) are substantially less than the venous pO 2 , whereas Krogh-Erlang modeling of the kind cited above predicts much higher tissue values with an average tissue pO 2 for the cardiac capillary tissue unit intermediate between arterial and venous pO 2 values (Grunewald and Sowa, 1978; Lubbers, 1982) . The introduction of model heterogeneity at the level of capillary flow did not improve the predicted values (Grunewald and Sowa, 1977) . Second, tissue oxygen concentrations are also low in relation to venous effluent oxygen concentration in the hemoglobinfree isolated perfused rat heart, when these are estimated from myoglobin oxygen saturation by spectrophotometry. When the perfusate buffer is saturated with 95% O 2 (pO 2 approximately 680 torr), the pC>2 in the venous effluent at 37°C is approximately 300 torr (Neely et al., 1967) , and the myocyte pO 2 is approximately 8 torr (Araki et al., 1983) . The tissue levels are again lower than those expected on the basis of the Krogh-Erlang model. Third, there is at least an order of magnitude difference between the single cell and whole organ definitions of the pO 2 level at which limitation in the oxygen-consuming function occurs. The oxygen consumption of isolated cardiac myocytes does not decrease until the ambient pO 2 is lowered to 0.15 torr (Wittenberg and Robinson, 1981) ; whereas the in situ hypoxic heart begins to fail mechanically (the linkage to oxygen-consumption-based energy generation becomes inadequate) when blood oxygen input concentration is reduced to a level such that the coronary sinus pO 2 falls to 9-11 torr (Case, 1965) .
There are two possible explanations for these discrepancies. Schubert et al. (1978) proposed that a large vessel diffusional arteriovenous shunt could explain observed high venous pO 2 values relative to average tissue pO 2 . Such a shunt should lead to a drop in arterial pO 2 in the progression from large arteries to terminal arterioles [analogous to that observed by Duling and Berne (1970) in the longer vessels of the hamster cheek pouch) if a substantial amount of oxygen is transferred. This kind of change was not found by Weiss and Sinha (1978) when they measured the pO 2 values in the arterioles of frozen hearts, by use of microspectrophotometry. One should note, however, that their measurements extended only to arterioles down to 43 nm in size; the oxygen contents of the smallest arterioles were not measured. Large hemodynamic shunts, which could raise venous pO 2 without changing arterial pO 2/ have been ruled out by previous microsphere studies [see, for example, Ziegler et al. (1971a) ]. As an alternative explanation, one could postulate a resistance to oxygen transfer from blood to tissue. This would explain both the unexpectedly low steady state values for myocardial tissue pO 2 and the relatively high value of coronary sinus pO 2 at which mechanical failure begins, in the hypqxic heart.
The presence of such a resistance has not been expected, even though Pappenheimer et al. (1951) originally projected, on the basis of their studies, which indicated that only a small fraction of the capillary wall is available for the transfer of lipid insoluble molecules, that the corresponding calculated diffusion area appeared too small to account for the observed rates of transfer of oxygen across the capillary wall. They suggested that, because of its lipid solubility [the distribution ratio for oxygen between cottonseed oil and water at 37°C is 5:1 (Lawrence et al., 1946) ], oxygen probably penetrates the whole endothelial surface. They inferred that its limitation at the capillary level might be small, but Circulation Research/Vo/. 56, No. 1, January 1985 acknowledged that some new approach was needed to secure pertinent data. It is appropriate to note that substantial resistance to the transfer of highly lipid-soluble materials from blood to tissue may still be present in the heart. The rate of transfer at the capillary endothelium of free fatty acids, the major substrate of the heart, is so low that most of the free fatty acids remaining in the coronary veins (about 50% of arterial concentration) have not left the circulation . The handling of this substrate also illustrates another effect. The rapid metabolism of the free fatty acids in the presence of limited transfer from capillary to tissue results in a predicted and measured (Van der Wusse et al., 1982) tissue-free fatty acid concentration which is only one-twentieth that simultaneously measured in the coronary sinus. Relatively low levels of tissue oxygen concentration thus could also be expected, in the face of its consumption, if resistance to oxygen transfer from blood to tissue were present (Goresky et al., 1983) . Such a resistance could arise from either an intrinsically low permeability of the capillary itself or some inherent characteristic of hemoglobin binding which has not been perceived.
The permeability of continuous type systemic capillaries to oxygen has previously been measured in only one organ, the rete mirabile of the eel. In this organ, which consists only of capillaries, the capillary barrier has been shown, during countercurrent perfusion with oxygenated Krebs-Ringer buffer lacking red cells, to reduce the apparent diffusion coefficient of oxygen to 0.5% of its free diffusion coefficient in water (Rasio and Goresky, 1979) . The concomitantly measured permeability was somewhat larger than that for labeled water; despite this, approximately one-third of the arterial oxygen was not transferred from arterial to venous capillaries, during steady perfusion. Mammalian capillaries are thin-walled rather than thick-walled, as in the rete. Nonetheless, if they offer a proportionately similar resistance to oxygen diffusion, it should be detectable at an experimental level.
We therefore designed a set of multiple indicator dilution tracer oxygen studies to examine the exchange of oxygen between blood and tissue in the heart. We thought that if these demonstrated a measurable resistance to the loss of tracer from blood to tissue, this new finding would need to be integrated into future models of the transfer of oxygen to tissue.
Methods
Mongrel dogs weighing between 15 and 25 kg were anesthetized with sodium pentobarbital. Fourteen animals were studied. In each, the carotid artery and jugular vein were exposed. Catheters then were inserted via these vessels into the coronary sinus and mainstem of the left coronary artery. We determined that catheters had been placed correctly by flushing an injection of Renographin through each catheter and monitoring its subsequent movement fluoroscopically. This procedure was repeated before each experiment to ensure that the catheters remained securely in place. The principle of a multiple indicator dilution study is that, for each substance studied, an appropriate reference is included and the two are injected together in a bolus. From a comparison of the outflow patterns of the two, deductions are made concerning events which have occurred within the microvascular bed of the organ to displace the outflow pattern of the study substance from that of its reference (Chinard et al., 1955) .
While the catheterizations were proceeding, the labeled blood which was to serve as the injection mixture was prepared. This was designed to contain I25 I-labeled albumin, which served as a vascular plasma reference; 22 Na, a tracer for the interstitial space; 51 Cr-labeled red blood cells, which served as the vascular reference for the tracer oxygen; and the stable tracer 18 O 2 . After the addition of the radioactive tracers, the blood injectate, which was matched in hematocrit to arterial blood, was completely deoxygenated, and then reoxygenated to arterial levels with the 18 O 2 . The rate of entry of labeled sodium into dog red cells is low (Prankerd, 1961) . Over the period required to prepare the injection mixture, less than 2% of the added labeled sodium will have entered the red cells. We have therefore neglected this.
When the animal had stabilized with respect to heart rate and blood pressure, and the injection mixture had been prepared, 0.75 ml of the injection bolus was rapidly injected into the coronary artery, and, simultaneously, an anaerobic collection of samples from the coronary sinus was begun at a rate of approximately one sample per 0.6 second. More frequent sampling was not feasible, in view of the size of the sample needed for mass spectrometry. Each sample contained about 0.5 ml of blood. Of this, 0.3 ml of blood was injected anaerobically into individual helium-filled sealed chromatographic vials which contained crystalline potassium ferricyanide and trichloroacetic acid, to induce the release of oxygen bound to hemoglobin into the overlying gas phase in the vial.
The headspace gas was sampled by withdrawing 150 n\ with a 250-jil gas-tight syringe (Hamilton no. 1725N) that had been flushed immediately before with helium. The sample was analyzed on a Hewlett-Packard 5984 coupled gas chromatograph-mass spectrometer under the following conditions. The column was a 1 meter X 4 mm i.d. glass column packed with molecular sieve 5A, 80/100 mesh (Coast Engineering Laboratory), conditioned at 250°C for 6 hours and operated isothermally at 100°C with helium flow rates of 30 ml/min. A single stage helium jet separator operated at 250°C and the ion source, at 210°C, 70 eV. Ion currents were monitored at 32, 34, 36, and 28 daltons for 50 msec each, in a selected ionmonitoring mode. Under these conditions, oxygen and nitrogen had retention times of 10 seconds and 14 seconds, respectively. An appreciable current at 28 daltons in an analysis was interpreted to signal air contamination of that sample, and was cause for rejection of that result.
Prior to each batch of analyses, room air samples were analyzed to confirm that the proper 18 O 2 and 16 O 2 natural abundances could be determined. Artificial enrichment of the ambient room air used for this calibration check was prevented by carrying out the calibration immediately before the arrival of the enriched samples from the laboratory in another building where they were collected. The data system presented the analytical results in the form of time-integrated peak areas for the currents at 32, 34, and 59 36 daltons. There was no evidence of hardware-related isotopic discrimination, except in relation to retention times: 18 O2 [m/z (ratio of mass expressed in atomic mass units: charge expressed as multiples of an electron charge) = 36] was seen to elute slightly earlier than 16 O 2 (m/z = 32), by about 1 second. This effect was considered to be of no consequence because peak areas were determined and used, not peak heights, which are progressively reduced with increasing retention time. The 18 O 2 enrichment above background in each sample and in an aliquot of the injection mixture was determined from the mass peak area ratio 36/(32 + 34 + 36).
From the remaining 0.2 ml of blood in each sample, 0.1 ml was extracted and diluted with 1.5 ml of saline, pipetted into a counting tube, and assayed for radioactivity in a 7-ray spectrometer set for the photopeaks characteristic of I and 51 Cr. The proteins were then precipitated with 0.2 ml of trichloroacetic acid, and 0.2 ml of the supernatant fluid was pipetted into a scintillation cocktail and assayed for 22 Na activity in a liquid scintillation /3-counter. Crossover standards (consisting of each radioactive species alone) and standards from the injection mixture were treated identically. From the activity of the cross-over standards in their primary channel and their spill into the various other channels, the activity in outflow samples due to each species was determined in its primary channel. To normalize the activity resulting from each of the radioactive tracers with respect to the others, the activity of each in the collected samples was divided by the total activity injected for that species. The resulting value is a fraction of the total injected per milliliter of venous blood (that is, an outflow fraction per milliliter, with the dimensions per ml).
Fourteen animals were studied. Two were studied in a baseline condition only, seven were studied 15 minutes after the injection of 1 mg/kg of the 0-blocker propranolol, and five were paired baseline-propranolol runs. In the last group, the propranolol was administered 20 minutes after the first run.
Before each run, samples were collected from the coronary artery and coronary sinus and analyzed for blood gas tensions, and for oxygen content with a Lex O 2 Con-K analyzer (Lexington Instruments). These data were then utilized to convert the 18 O 2 enrichment in each outflow sample to a fractional recovery per milliliter. To express the data in this fashion, the relative 18 O 2 content of each coronary venous blood sample (the product of the 18 O 2 enrichment and the O 2 content) was divided by the amount of 18 O 2 injected (the product of the injection volume and the 18 O 2 content of the injection mixture). That is,
where FR 3 6cs is the normalized 18 O 2 coronary sinus outflow fractional recovery per milliliter blood (ml" 1 ), F 36cs is the enrichment of 18 O 2 in the coronary sinus sample (dimensionless), F3 6p ot is the enrichment of 18 O 2 in the injection mixture (dimensionless), C ve nous is the coronary sinus oxygen content (ml/100 ml blood), C ai t is the arterial oxygen content (ml/100 ml blood), and V is the injection volume (ml).
Analysis of Data
The characteristic values and parameters describing the present set of experiments (Tables 1 and 2) extend across a wide range of values for flow and oxygen consumption. The tracer oxygen curves are found to vary in form with oxygen consumption in reasonably consistent fashion, across this spectrum. Representative sets of data are illustrated below.
The results of typical higher flow-higher oxygen con-sumption (experiment 8a) and lower flow-lower oxygen consumption (experiment 8b) runs are presented in the upper panels of Figure 1 and in * <t> values can be converted to plasma flow in ml/min per g by multiplying by 8.85. f Oxygen consumption values will be expressed in ml/min per g when multipied by 8.85/60.
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capillary wall in a barrier-limited fashion (Goresky et al., 1970; Ziegler and Goresky, 1971a; Rose et al., 1980) , but is excluded from cardiac myocytes over the time of a single passage. Hence, it serves as an interstitial space marker.
Since labeled albumin is also confined to the plasma fraction of blood, and since it does not leave the vasculature perceptibly during a single passage, it is the appropriate vascular reference for the labeled sodium. As the injected mass of tracers moves through the capillaries, some of the labeled sodium leaves the capillary and enters the interstitial space; this is why the labeled sodium curve is lower than the labeled albumin curve, early in time.
Later, the outflow fraction per milliliter of labeled sodium rises above that of labeled albumin because the sodium which initially entered the interstitial space is now returning to the capillary. If samples were collected for long enough, eventually all of the injected tracer 22 Na would be recovered, since sodium is not metabolized in the myocardium. The relation between the labeled albumin and labeled sodium curves appears to be qualitatively the same in both runs, apart from the effect of the change in flow. Decreased flow is evident in the second run in this instance, after propranolol; the change with propranolol is what one would ordinarily expect to see in a sympathetically stimulated, but not in an unstimulated preparation (Heyndrickx et al., 1980; Cousineau et al., 1984) . With the decrease in flow in the second run, the common area under the labeled albumin and sodium curves becomes larger and the curves are more spread out in time. Now consider the labeled oxygen. Since red blood cells sodium, red cells, and oxygen). These curves mirror, in a sense, the instantaneous loss (or extraction) of tracer sodium and oxygen from the vasculature, in relation to their appropriate reference. In the higher flow higher oxygen consumption run, the oxygen extraction continues to increase with time, whereas, in the lower flow lower oxygen consumption run, with the increased late return of tracer oxygen, the extraction later along the curve decreases with time. are confined to the vascular compartment and normally about 98.5% of the oxygen in arterial blood is carried by hemoglobin inside the red blood cells, we will utilize the labeled red blood cells as an approximate description of the outflow kinetics the labeled oxygen pool would have had, in the absence of uptake. In doing this, we neglect the small initial labeled oxygen component in plasma. The labeled oxygen outflow curve encloses, in each case, an area much smaller than the labeled red cell curve (in these tracer experiments within a steady state, tracer oxygen is lost in proportion to the steady state extraction of bulk oxygen). With respect to the magnitude of the labeled red cell curve, the initial part of the labeled oxygen curve is relatively the same in each run of Figure 1 . It is lower in magnitude than the reference-labeled red cell curve, and it progressively departs from this reference over the upslopes of the curves, on the semilogarithmic plots. The upslope similarity in the two runs is presumably because, in each case, the same relative proportion of the tracer oxygen moves along the capillary to the outflow without exchanging. With the decrease in demand in the lower blood flow-lower oxygen consumption case, one would expect that, of the tracer oxygen that does cross from the capillary to cellular space, a lesser proportion would be metabolically sequestered by the cells. With this kind of response, a larger proportion of the tracer oxygen would be expected to return to the capillary, later in time. This expected variation is embodied in the change in shape of the later parts of the tracer oxygen dilution curves illustrated in Figure 1 . In the control run, the downslope segment of the tracer oxygen curve has a slightly steeper rate of decrease than the corresponding reference-labeled red cell curve. In contrast, after propranolol, the downslope of the tracer oxygen dilution curve is less steep than that of the corresponding reference-labeled red cell curve, due to an increased return of tracer oxygen from the tissue to the circulation. This relative kind of change in curve shape was found over the spectrum of the acquired data sets, varying in relatively systematic fashion with the level of oxygen consumption. The change, in general, reflected the level of oxygen consumption rather than the presence or absence of propranolol. This lack of systematic effect across the whole group with propranolol is what would have been expected, in the absence of a protocol designed to produce /3-blockade in a preparation previously systematically highly sympathetically activated (Heyndrickx et al., 1980) . The relationship between the reference and permeable tracer curves (red cells and oxygen, and albumin and sodium) can also be described by plotting logarithmic ratio curves (Rose and Goresky, 1976) . These are illustrated in the lower panels of Figure 1 . The Naperian or natural logarithmic ratio curve relating labeled sodium to its reference, labeled albumin, in each case rises smoothly along the upslopes of the dilution curves to a peak and then exhibits a downslope, concomitant with return of tracer to the circulation. Since one can assume, in general, that the initial extractions of any substance along an outflow dilution curve are proportional to the time it has spent in the capillary, the data indicate an increase in capillary outflow transit times with time along the dilution curve, a heterogeneity of capillary transit times. The rate of increase in capillary transit time with time (the degree of heterogeneity) has previously been shown to vary with the coronary tone (Rose and Goresky, 1976; Rose et al., 1980) . In this case, it was larger in the lower flow-lower Circulation Research/Vol. 56, No. 1, January 1905 oxygen consumption run. The log ratio (albumimsodium) vs. time curve thus shows a slightly greater initial slope. There is, however, no other striking overall change. On the other hand, in the case of the log ratio curve relating tracer oxygen to labeled red cells, we see that there is a clear change in the relative form of the tracer oxygen outflow curves, from the high oxygen consumption to the low oxygen consumption state. Both runs show a common initial behavior. Specifically, the slope of the log (labeled red cell:oxygen) concentration ratio vs. time curve shows an initial rising slope, as for the albumin and sodium pair of labels, indicating a corresponding increasing upslope extraction (that is, passage into tissue) of the oxygen label with time. In the high oxygen consumption run, there is also an initial hump on the log ratio (red celhoxygen)time curve, which is followed by a later and more protracted rise in the curve (illustrated in the lower left panel of Fig. 1 ). The early hump was commonly present in the high oxygen consumption situation; the later rise could be interpreted to indicate that, late in time, the return of oxygen tracer from tissue in the high oxygen consumption state was not large enough to counteract the increased extraction along longer transit time capillaries. In contrast, in the low oxygen consumption state, the log ratio ; time plot, after an initial increase, decreases with time (lower right panel of Fig. 1 ). More tracer oxygen is returning to the vasculature late in time along the curve than is leaving it. The late increased label return appears to correlate with the lower rate of cellular oxygen demand.
The shape of the oxygen curves provides a challenge. The relative shape change of the log ratio-time plots from the high oxygen to the low oxygen consumption states indicates that the change in the oxygen tracer curve with demand is principally in the later parts of the curve, rather than across the whole curve. Past explorations of the behavior of other substances can be used to gain insight into the kind of process which might underlie these observations. The absence of a barrier does not appear to correspond to the kind of change observed. In the liver, where flow-limited distribution of alcohol has been demonstrated, concomitant with removal, the removal effect is distributed in a monotonically increasing fashion across the whole dilution curve (Goresky et al., 1983b ). The curve shape change observed might, on the other hand, be expected, if there were a resistance to exchange between blood and tissue. In the presence of such a resistance, the outflow profile consists of two parts, a vascular throughput and a later exchanging tail (Goresky et al., 1970) , and tracer sequestration affects the profile only by reducing the magnitude of the latter (Ziegler and Goresky, 1971b; Goresky et al., 1983a) . If such were present, one would expect to see only the later part of the curve augmented when the metabolic demand is lowered. The form of the data suggests that such a resistance may be present. Larger vessel countercurrent exchange might also be present, but the expectations associated with this have not yet been well clarified through explicit models. It is clear, however, that an early outflow precession of tracer oxygen with respect to labeled red cells would document the presence of this kind of diffusional shunting. At the level of resolution of our data, none was found. We have therefore considered it unlikely that this kind of countercurrent exchange has made a substantial contribution to the present set of labeled oxygen outflow profiles, obtained from the heart.
The Model Utilized to Analyze the Data
On the basis of the foregoing considerations, a barrierlimited model was utilized to analyze the tracer oxygen outflow dilution data. The model contains a bidirectional resistance to the free diffusion of oxygen at the interface between the vascular and extravascular space, and a unidirectional process sequestering oxygen at the cellular level. A very similar model has previously been used to describe the early interstitial removal of tracer rubidium by cardiac myocytes (Ziegler and Goresky, 1971b) , the sequestration of tracer galactose within liver cells (Goresky et al., 1973) , and neuronal uptake of tracer catecholamine from the interstitium of the heart (Cousineau et al., 1980) .
The model of the coronary microvasculature is in the form of a system of partial differential equations. The solution to these equations will describe the exchange and uptake characteristics of the heart, and if the model represents the distribution of tracer oxygen in vivo, the solutions generated by the model should match the results obtained experimentally with the multiple indicator dilution technique. Implicit in the model are four assumptions:
(1) there is plug flow in the capillary, (2) the effects of diffusion parallel to the capillary are negligible, (3) the radial gradient of tracer in the extravascular space is small, and (4) tracer oxygen uptake follows first order kinetics (see Discussion).
We will now describe mathematically the resistance to exchange between capillary and tissue, and the sequestration of oxygen at the cellular level. Let u and v represent the concentration of tracer in the capillary at a distance along the length x and at a time t after tracer entry, in the intravascular and extravascular spaces, respectively; W, the bulk flow velocity in the capillary; y, the ratio of accessible extravascular to intravascular volumes; ki and k 2 , the permeability surface products for efflux from and influx into the capillary per volume of accessible extravascular space (these are both equal when exchange is passive, as we might assume it to be here); and k^, the unidirectional rate constant for uptake of tracer oxygen by tissue cells per unit extravascular space. Since sodium is excluded from the muscle cells over short times, its k,*, is assumed to be zero. Two partial differential equations describe the distribution of tracer from the single capillary. The first is an equation of conservation, du ou <9v and the second describes the rate of change of tracer concentration in the extravascular space with time,
The time domain solution of this system in response to an impulse injection has been described previously (Ziegler and Goresky, 1971b; . When there is a constraint at the barrier, the solution consists of two parts: a vascular throughput, and a returning component. In the flow-limited extreme, when the constraint disappears, the solution converges on a single damped delayed wave, propagating in both vascular and extravascular spaces. This modeling, complimented at the whole organ level with those expressions which have been developed to account for the heterogeneity of transit times in the heart (Rose and Goresky, 1976) , was then utilized to fit both labeled sodium and labeled oxygen outflow dilution curves. The separable parameters obtained by virtue of the fit included the following:
1. For sodium, with labeled albumin as the intravascular reference: kcNa = the capillary permeability surface product per unit interstitial space (inverse seconds). Sodium exchange is assumed to occur passively, so that, in terms of the model, kcNa = ki = k 2 , for sodium, 0 = the plasma flow per unit interstitial space (with dimensions of inverse seconds). This is calculated as the reciprocal of the difference between the mean transit times of the labeled sodium and albumin curves. The parameter is independent of the rest of the fitting procedure and can be considered to be model independent. a' and b' = the parameters which describe the heterogeneity of capillary transit times. These are the intercept (at the outflow appearance) and the initial slope of the natural logarithm of the ratio of albumin to sodium fractional outflow recovery vs. time plot.
2. For oxygen, with labeled red blood cells as the intravascular reference (note that, by virtue of the change in the reference, a new bulk velocity, that of the red cells, has been adopted): kcOj = the capillary permeability surface product per unit extravascular space for tracer oxygen. Again, the exchange is assumed to be symmetrical, in terms of the barrier, so that kco 2 = ki = k 2 , for oxygen, 7oj/7Na = the ratio of the extravascularvascular space sizes for oxygen to the interstitialiplasma space sizes for sodium, and kaeq = the rate constant for the unidirectional uptake of oxygen by myocardial cells per unit extravascular space (inverse seconds).
Note that, in this situation, where the labeled red cells are taken as the reference, a new definition of the barrier in the system appears. With the red cells as the reference, the barrier potentially includes the red cell membrane, the plasma space, the capillary wall, the interstitium, and the myocyte membrane. In any distributed system, the barrier between two exchanging pools is generally defined as an interface with no appreciable volume capacity for the tracer. In this instance, the relative capacities of these phases for oxygen is negligible, in relation to that of the hemoglobin in red cells and the myoglobin in the heart muscle cells. Thus, it is reasonable to regard the whole as the barrier and to try to differentiate the resistance of each of the elements on the basis of ancillary information from other kinds of experimental data. The two exchanging pools would then appear to be, on the vascular side, the oxygen pool bound to hemoglobin and, at the tissue level, the oxygen store bound to myoglobin and the cytochromes.
To determine the numerical values of the parameters, a digital PDP 11/23 computer was utilized to fit the modeling to the experimental data. First, smooth curves approximating the experimental albumin and sodium curves were obtained by manipulating the coefficients of a fif-teenth order Laguerre polynominal representation of the curves. Then, by use of a frequency domain parameter optimization routine , the parameters kc Na , and a' and b' were progressively optimized until a sodium curve calculated from the albumin reference curve by use of the model and the Rosenbrock optimization algorithm (Rosenbrock and Storey, 1966) fit the experimental sodium dilution curve as closely as possible (this usually required about 30 iterations). The procedure fit the whole labeled sodium curve, including the upslope, in a systematically optimal fashion (Rose and Goresky, 1976; Cousineau et al., 1983) ; throughput and returning components were resolved. Thus, polynomial representations of the red cell and oxygen curves were found. Then, with the a' and b' values obtained from the sodium fit, the parameters kcO2, k^, and 7o 2 /7Na were optimized. In this case, a labeled oxygen curve calculated from the labeled red cell reference was fit to the observed outflow-labeled oxygen dilution curve. The best fit values obtained for the parameters were then interpreted as being the actual values that the parameters assume in vivo.
Since red cells have a slightly smaller transit time than plasma, the use of a' and b' from the sodium curve is not strictly correct (the lower panels of Figure 2 show that a' and b' will be slightly larger for the red cells). If, however, we can assume that the ratio of capillary transit times of red cells to plasma is relatively independent of flow, then this assumption will result only in a small constant underestimate of 7OJ/TNO (the parameter optimized along the curve is the product of gamma and the capillary transit time).
Results
The main consequence of the presence of a substantive barrier to the distribution of oxygen will be that its tracer outflow profile will be expected to consist of two components. Some of the tracer oxygen will be carried along through the capillary without exchanging; this is the throughput component. The remainder of the tracer oxygen will enter the tissue space, and, of this, a proportion of the tracer which has not been metabolized by the myocardial cells will return to the vasculature. This is the returning component. If the apparent permeability of the barrier to the material being considered, tracer oxygen, were very high, and if the accessible extravascular space were reasonably large (and if red cell carriage of the label had no effect), one would initially expect a major decrement in the upslope of the curve [in the case of labeled water, for instance, upslope outflow fraction per ml values in the heart are of the order of 10% of the outflow fraction per ml values of simultaneously injected labeled red cells ]. The labeled oxygen profiles in the sets of normalized outflow dilution curves illustrated in Figure 1 , in both high and low oxygen consumption states, on the other hand, initially appear to correspond to a relatively low permeability barrier-limited type of curve. The salient feature of each panel in the illustration is that a large proportion of the tracer oxygen emerges at the outflow concomitantly with its reference, labeled red cells. It Circulation Research/Vol. 56, No. 1, January 1985 is this feature which will preoccupy us, in our analysis of the curves. One would expect, on the basis of past data (Rasio and Goresky, 1979) , the permeability of the myocardial capillary barrier to be higher for oxygen than for water. Yet, the form of the data initially appears to be such that these expectations are not capable of being fulfilled, if the capillaries are imposing a limitation on oxygen transport. In what follows, we show that this anomaly is more apparent than real, by using the information from all four curves in each set to gain insight into the dimensions of the underlying phenomenological constants. The second major feature of the data is the change in form of the outflow profile of tracer oxygen from the high to the low oxygen consumption state, the increase in the relative proportion of tracer oxygen recovered at the outflow, late in time.
Collated data from 19 technically satisfactory runs carried out in 14 animals are presented in tabular form: in Table 1 , the hemodynamic and oxygen content data, and in Table 2 , the optimized parameters describing the labeled sodium and oxygen curves. In Table 2 , the optimized parameters for the oxygen curve are reported as the parameter products kco 2 (7o 2 /TNa) and k seq (7o 2 /7N a )-In these forms, the parameter values are normalized in terms of the interstitial sodium space, and thus can be directly compared to kc Na values; their expected relative impact can then be perceived immediately. Figure 2 illustrates the optimized model analysis of the data illustrated in Figure 1 . The model approximations to the tracer oxygen and sodium curves have been, in each case, resolved into throughput and returning components. The components of the labeled sodium curve are as expected. There is an early throughput component, with a later prolonged returning component. In the case of the tracer oxygen curves, the throughput components are relatively large; they are of the same order of magnitude as those of the labeled sodium [the kco 2 (7o 2 /7Na) values are of the same order as the kc Na values]. The tracer oxygen throughput components make up a major proportion of each observed tracer oxygen outflow dilution curve. The returning components are, proportionately, quite small, in relation to those for labeled sodium; they are abbreviated in magnitude, particularly later in time. The model also accounts for the early hump illustrated on the baseline log (red cell:oxygen) ratio-time plot. It is the summation of the two resolved components which leads to this curious shape. At the level of the modeling, the effect of the sequestration of tracer oxygen on the contour of the tracer oxygen outflow curve can be perceived by setting the value for k seq in the optimized parameter set equal to zero and then computing the resulting outflow curve. The difference between this and the observed curve is the sequestration effect. The k seq zero curves have been added to the lower panels of Figure 2 ; the areas between these curves and the observed curves (the Figure 1. Both throughput and  returning components are illustrated for the tracer sodium and oxygen  curves; and, in the case of the labeled oxygen curve, the shaded areas  represent the sequestration effect. sequestration effect) have been shaded, to accentuate the changes. From the analyzed curves it becomes possible to see in more detail the changes in shape with changes in oxygen consumption. In the lower oxygen consumption state, the throughput component of the tracer oxygen curve does not change in relation to the labeled red cell curve. This is presumably because the effect of demand is imposed at the level of the myocardial cells only; it would not be expected to change the nature of the resistance to the passage of tracer oxygen from the hemoglobin to the myoglobin-bound pool. The increased proportion of tracer oxygen returning to the vasculature in the lower oxygen consumption state is manifested both as an increased area under the returning component of the curve and a decrease in the shaded sequestration effect (the tail of the curve is seen to shift toward the shape expected with a lower degree of sequestration).
From the outflow fraction per ml vs. time curves, it is possible to estimate the outflow recovery of oxygen tracer relative to that for labeled red cells. This recovery should, of course, be equivalent to the ratio of venous:arterial oxygen contents. For the group of experiments as a whole, the average for the ratio was 0.999 ± 0.028 (SD) . The values are essentially as expected.
Relative myocardial O 2 consumption in these ex-65 periments has been calculated by use of the following relation:
where Vo 2 is the myocardial oxygen consumption per unit interstitial space, expressed in units of ml/ min per ml interstitial space; Hct is the hematocrit, expressed as a fraction; # Na is the plasma flow per unit interstitial space calculated from the inverse of the difference in the mean transit times of albumin and sodium, expressed as ml/sec per ml interstitial space; and Co 2 art and Co 2 cs are the oxygen contents of arterial and coronary sinus blood, respectively, in units of ml/100 ml blood. For comparison with other experimental data, the parameter 4> can be converted to coronary plasma flow in ml/min per g by multiplying its numeric value by 8.85 , a value corresponding to the product of 60 sec/min and an average of 0.1475 ml interstitial space/g; and that for Vo 2 can be converted to oxygen consumption in ml/min per g by multiplying by 8.85/60. We have preferred to record the derived parameters in tabulating the results of our data analysis, rather than the converted values, since there may be minor variations in the interstitial space. It seems reasonable to assume that these will not be very large, however, so that values calculated by use of the above conversion factors should be close to correct. Figure 3 shows the relation between the tracerderived kseq(7o 2 /7Na) and the oxygen consumption calculated using Equation 3, which utilizes (j> and the difference between arterial and coronary sinus oxygen contents. The one reflects the other, as expected. The relation consolidates the impression arising from the early inspection of the forms of the data.
The model-derived description of the tracer data can then be utilized to predict the underlying steady state, by calculating the response of the system with the fitted parameters to a prolonged steady infusion of parent material (in the fashion outlined in the Appendix to Goresky et al., 1973) . The relation predicted from the model is that the ratio of the underlying steady state tissue to intravascular oxygen concentration at each point along the falling concentration profile in the capillary is in the ratio kco 2 /(kco 2 + kseq). Knowing this ratio, one can then obtain some insight into the manner in which tissue oxygen tension has been regulated in these preparations, which one can presume is autoregulating, since this function is preserved even in preparations in which the chest had previously been opened . Figure 4 shows the relation between the calculated ratio of tissue to intravascular oxygen concentrations and oxygen consumption, over a wide range of tissue oxygen consumption rates. The significant feature of the relation is that it shows calculated tissue oxygen concentration levels 1 2 3 0 2 Consumption (ml/min/ml interstitial space) FIGURE 3. Plot of the variation in the parameter product y N J with oxygen consumption. The filled circles are baseline runs, and the filled squares, runs carried out after propranolol. Oxygen consumption values can be converted to more usually utilized values, in ml/min per g, by multiplying by 8.85/60 of the order of one third of concomitmant vascular levels. There was no significant change in the ratio over the experimentally encountered range of oxygen consumption rates, but there was a tendency for the ratio to decrease slightly at higher levels of oxygen consumption. It appears that the increase in flow with increase in metabolic demand and the reservoir function of the myoglobin in the muscle cells underlie this response. Figure 5 shows the expected increase in the capillary rate constant for tracer sodium; Figure 6 shows that for tracer oxygen, with increased oxygen consumption, an expected recruitment is seen to occur. Figure 7 shows that the capillary rate constant for tracer oxygen kco 2 [7o 2 /7Na] increases concomitantly with the value of the simultaneously measured capillary rate constant for tracer sodium kc Na -The correlation coefficient between the two values is 0.63. FIGURE 5. Change in the capillary rate constant k cNa for the exchange of tracer sodium with change in O 2 consumption. The k cNa values can be converted to more usually expressed values, in ml/min per g, by multiplying by 8.85; and the oxygen consumption values, by multiplying by 8.85/60 . Saturating rising hyperbolic (dashed) or exponential (solid) profiles, fitted by least squares (Goresky et at., 1969) , provide a better description of a mean locus through the data than a linear regression. The loci corresponding to the lines are 0.40(02 consumption) KNI = 0 2 consumption + 1.69 and JU, = 0.28(2 -
The two loci correspond closely, over the range of the data.
The average value for the kco 2 [7o 2 /7Na]/kcNa ratio was 1.41 and the ratio was found not to vary systematically with either kc Na or $ No . 1.13k cN . + 0. 047.
Discussion

Why is the Rate Constant for Tracer Oxygen Transfer from Blood to Tissue So Low?
The data gathered in the present set of tracer experiments indicate that the rate of escape of tracer oxygen from blood to tissue is much lower than one might have expected, when one compares the calculated value with that for tracer sodium. The findings indicate, in preliminary fashion, that there is an anomalously high resistance to fractional tracer oxygen distribution at the level of the vasculature. The magnitude of the resistance and the nature of the phenomena leading to the resistance can be understood only by undertaking a dimensional analysis of the calculated parameters. The presence of this resistance appears to provide an explanation for both the relatively low tissue Po 2 levels and the disparity between the single cell and whole organ Po 2 levels at which limitation in the oxygen-consuming function is found.
Prior to carrying out this analysis, we need to examine the potential of various phenomena to contribute to this barrier function. In dealing with these, we continue to assume that there is no arteriovenous shunting (we deal with this assumption later in more detail). There would then seem to be only two plausible general sites at which the movement of tracer oxygen could be impeded: at the level of release from hemoglobin, or at the interface between the red cell pool and the muscle myoglobin reservoir (with the multiple potential barriers which this implies). The kinetics of bulk desaturation of sheep red cells are known from the work of Sirs (1966) . At 20°C, the desaturation of red cell hemoglobin, assessed spectrophotometrically after sudden dilution with an oxygen-free isotonic medium, is more than 50% complete at 50 msec. Comparison of this set of values with those obtained with hemoglobin solutions indicates that the delay imposed by the red cell membrane is too small to be perceived, with this experimental approach. Since anatomical fractional volume measurements indicate that the average transit time of a myocardial capillary should be of the order of one-third of the total transit time (Bassingthwaighte et al., 1974) , that is, 2-3 seconds (Ziegler and Goresky, 1971a) , it is highly unlikely that bulk oxygen hemoglobin-unloading kinetics or a resistance at the red cell membrane could be responsible for the apparent kinetic limitation in the delivery of tracer oxygen to tissue. At the same time, if there were a substantial red cell oxygen release limitation, one would expect a reduction in the calculated capillary rate constant for tracer oxygen with increase in flow. The present data show, however, that the capillary rate constant for tracer oxygen increases with flow along with that for sodium, presumably due to capillary recruitment. Thus, if we can assume that hindering effects at the level of hemoglobin oxygen release kinetics and of the red blood cell membrane are not of major importance, we must conclude that the resistance to the distribution of tracer (and bulk) oxygen must be at the interface between the red cell and tissue myoglobin oxygen stores.
Dimensional analysis provides the insight needed to define the nature of the resistance to the loss of tracer from the vasculature. The low rate constant for tracer oxygen loss from the capillaries is based on a phenomenon which we will term the red cell pool effect. We gain insight into this by examining the ratio of kco 2 [7o 2 /7Na] to kc Na . The average value for this ratio is 1.41. Even though this value indicates that these rate constants are of relatively similar magnitude, so that the initial extractions of tracer oxygen and sodium are of the same order of magnitude, the estimated permeability surface (PS) products for these two substances are not similar. The analysis can be carried further by assuming that all of the resistance to oxygen transfer between the hemoglobin and myoglobin pools is situated at the level of the capillary, so that So 2 = S Na . Permeability estimates for the capillary secured through this kind of analysis will be minimal, since one is attributing to the capillary all of the resistance between red cell and tissue. In that case, the ratio then _ Po^ [capillary plasma space] P Na [ Hgb O 2 space J"
To provide appropriate dimensions, the Hgb O 2 space must be expressed in terms of equivalent ml of plasma. The ratio of the oxygen content of plasma: that of red cells in fully oxygenated blood is of the order of 0.3:20.0 = 0.015. Since the ratio of kcojToj/TNa] to kcNa averages 1.41, the permeability ratio Po 2 /PNa ~ 94. The presence of the hemoglobin binding (the red cell capacity or the red cell pool effect) thus greatly magnifies the effect of any resistance to oxygen diffusion. It is this which accounts for the low rate constant for the loss of tracer oxygen from the vasculature. The large red cell pool consequent to hemoglobin binding expands the capillary oxygen capacity and, by virtue of this, decreases the relative rate of loss of tracer oxygen from the vasculature. It expands the space available in the red cell; the fractional exchange of red cell (and capillary) tracer oxygen is, as a direct consequence, much diminished in relation to what otherwise would occur. The matter can be clarified further by examining the expected form of the damping factor leading to loss of tracer from the impulse function traveling along the capillary. It will be of the form exp[-(Po 2 So 2 /Vco 2 )T c ], where V cC . 2 is the space of distribution for oxygen in the capillary and T C is the transit time of the reference in the capillary. In this instance, the red cell pool effect results in a large value for V c o 2 , and this, in consequence, diminishes the magnitude of the rate constant Po 2 So 2 /Vco 2 / which controls the rate of loss of tracer from the capillary.
What is the Magnitude of the Apparent Permeability of the Capillary Bed to Tracer Oxygen?
The permeability value estimated from our calculated parameters is then found to be not low, but high. An estimate of the apparent capillary permeability to tracer oxygen can be obtained as follows. Since the maximum observed capillary permeability surface product values for sodium are of the order of 1.5 ml/min per g (Guller et al., 1975; Rose et al., 1980) , and anatomical capillary surface area is of the order of 500 cm 2 /g (Bassingthwaighte et al., 1974) , the permeability of the myocardial capillaries to the sodium ion is of the order of 1.5/(500 X 60) = 5 X 10~5 cm/sec. Thus, from the estimated permeability ratio, the projected permeability of the cardiac capillaries to oxygen is calculated to be of the order of 4.6 X 10~3 cm/sec. This value is larger than that previously estimated for labeled water in the heart, 6 x 10" 4 cm/sec .
The rank ordering of the myocardial capillary permeabilities to water and oxygen corresponds to that observed by Rasio and Goresky (1979) in the capillaries of the counterperfused rete mirabile of the eel, where the perfusion medium was a buffer solution containing no red cells. In that instance, the method for estimating relative permeability was straightforward, and required no difficult-to-accept assumptions. The estimated permeability to oxygen of the myocardial capillaries is thus of the order expected from the only other estimate available in a continuous systemic type capillary system. Two other considerations indicate that the permeability estimate may be high. The mean hemoglobin oxygen saturation in the cardiac capillary is lower than in the arterial blood, and the capillary hematocrit is lower than in the systemic vessels. Inclusion of these factors would reduce the permeability estimate somewhat.
The permeability value obtained for tracer oxygen is, of course, quite large. The notion that the diffusional resistance between blood and tissue oxygenutilizing sites can be thought of as a barrier for oxygen is, in this case, founded on the reasonable presumption that the interface between the hemoglobin and myoglobin pools, although distributed in space, has such a low capacity in comparison to these, that it can be neglected; the region then fulfills the usual definition of a barrier. At the same time, one would wish to know the dimensions of a layer of plasma which would give an equivalent resistance, to determine whether the barrier function could be attributed simply to the dimensions of the structures involved, with no special resistance attributed to the nature of the intervening structures themselves (the resistance of which we have attributed to the capillary, in the dimensional analysis). This can be approximated in the following fashion. If the layer were only plasma (or material with an equivalent resistance), the oxygen permeability would be equal to the ratio of the diffusion coefficient for oxygen Do 2 and the thickness of the layer Ax, so that
The diffusion coefficient for oxygen in plasma is 2.1 X 10~5 cm 2 /sec at 25°C (Goldstick et al., 1976) . From this and the permeability estimate outlined above, the equivalent value for Ax is approximately 46 fim. This is of the order of six times the distance from the capillary to the middle of the cardiac muscle cell (and many times the thickness of the barrier between blood and the sarcoplasma). The calculation indicates, as one would have expected, that over some lesser thickness, there is a resistance substantially larger than that encountered in plasma. The site of the resistance is not clearly obvious but, in view of the measured resistance in the continuous capillaries in the rete mirabile, it seems likely that a substantial proportion of this resistance is localized to the capillary membrane. The finding of Araki et al. (1983) of tissue myocardial oxygen concentrations substantially lower than venous values in the absence of a red cell pool effect (red cell-free perfusion was used), reinforces the impression that a barrier effect is present in the heart.
Oxygen Consumption
Once the tracer oxygen has crossed this apparent barrier, we have presumed that its subsequent sequestration within myocardial cells follows first order kinetics-that is, that the proportion of tracer oxygen taken up irreversibly by the cells is directly proportional to the concentration of tracer oxygen at the site. These kinetics would lead to an exponentially decreasing concentration profile along the capillary. However, observations from isolated component systems indicate that, at the level of the oxygen tensions expected in tissue, cytochrome a 3 will be saturated with oxygen, and oxygen utilization in the presence of saturating substrate feed will be expected to be saturated, to follow zero order kinetics. In terms of tracer kinetics, one would then expect, with rise in the local bulk oxygen concentration, a compensatory decrease in the corresponding linearized tracer rate constant (Goresky et al., 1983a) . The present experiments have not been carried out across a broad enough range of input oxygen concentrations to see such a change, and the utilization of oxygen in the normally functioning heart is modified by both work load and substrate availability. The whole is more complex than might be expected on the basis of the component parts.
To ascertain whether the model analysis provides an accurate representation of the actual in vivo events associated with the transport of oxygen, it is appropriate to determine whether any of the parameters determined by the fitting procedure can be correlated with other data, measured independently of the model. In this case we examined oxygen consumption. In our experiments, there were two ways to measure this. In the first, the oxygen consumption is calculated in a model-independent fashion, from knowledge of the steady state arterial and venous blood oxygen contents, the hematocrit, and the flow per unit interstitial space. The calculation of the flow per unit interstitial space is independent of the fitting procedure used to derive the rest of the parameter set needed to describe the labeled sodium curve, as indicated earlier; in that sense it is a modelindependent measure. It should be noted that none of the parameters used to calculate oxygen consumption in this fashion are derived from the numerical fit to the oxygen curve. In the second approach, the oxygen consumption is formulated as the product of the sequestration rate constant for oxygen and the average local tissue oxygen concentration, both being derived from the fit to the oxygen curve. In the present situation, where the local tissue oxygen concentration remains reasonably constant, one would expect the rate constant to mirror the rate 69 of oxygen consumption, i.e. the two independent calculations of the oxygen consumption to be directly related to each other. This is what was observed in Figure 3 . The strong relation between the two provides major evidence that the projections arising from the model are sensible.
From the analytical solutions of the mathematical model, the ratio of the steady state concentrations of oxygen in the extravascular to that in the intravascular space (that is v(x, oo)/u(x, oo)) is equal to k a / (k 2 + kseq) (Goresky et al., 1973) or (since kj = k 2 , in this case) to ki/(ki + k^), for a steady state input of oxygen. Changes in the ratio ki/(kj + k^) would be expected with change in kseq, the rate constant indicative of oxygen uptake by the cells, unless a concomitant change in ki, the flow-dependent parameter , also occurs. The variation in the ratio ki/(kj + k seq ) with the oxygen consumption is plotted in Figure 4 . From this figure, we see that in all experiments, the model predicts a tissue pO 2 of approximately one third of the vascular pO 2 . There is thus a linkage in which k] (and k 2 ) change with k seq in a fashion such as to preserve a relative constancy of the ratio ki/(k 2 + ks eq ).
Some of the experimental procedures were long and stressful, and undoubtedly provoked reasonably large-scale sympathetic (and, with this, metabolic) stimulation in some animals. Initial cardiac oxygen consumption rates in these animals then correspond to those found in animals highly activated sympathetically and metabolically by coronary sinus pacing (Cousineau et al., 1983) . This background provided the kind of situation which yielded the large range of consumptions observed. If the kind of change observed here is to be studied in more detail in the future, coronary sinus pacing (Cousineau et al., 1984) might provide the required degree of background sympathetic and metabolic activation.
Analysis of the Data
The assumptions underlying the analysis need some reconsideration. Arteriovenous diffusional shunting has been excluded from the analysis but could still be present. We have assumed that it is not present in the heart in an important amount, because we have been unable to record a precession of tracer oxygen at the outflow with respect to simultaneously injected labeled red cells. The assumption of time precession is based on an expectation that arteriovenous diffusion times will be shorter than transit times through the vascular bed. This appears to be a reasonable expectation, but has not had a detailed model appraisal. Experimentally, even with labeled hydrogen, the most diffusible label one could utilize, the degree of precedence at the outflow over labeled red cells was found to be very small (0.1%) (Feigl and Roth, 1981) . It was therefore not unexpected that we were unable to find precession of tracer oxygen at the outflow with reference to labeled red cells. The model utilized to analyze the data is, in other senses, incomplete. The barriers and spaces separating the red cell pool from the myoglobin-bound oxygen have not been modeled in a separable fashion and, in particular, the small plasma oxygen component, which moves more slowly than the red cells, has not been modeled in a fashion which defines its interaction. Although, in theory, this could be done, the plasma oxygen space appeared so small, relatively, that we thought it unlikely that we could recognize its influence, even in near perfect experiments with 18 O 2 . It seems likely that such interactions will be able to be defined only by another approach, by examining the behavior in the heart of radioactive oxygen (an alternate and more easily detected tracer), both when the perfusion fluid contains and lacks red cells.
General Considerations
The red cell pool effect imposed by hemoglobin in the microvasculature would initially seem to be a counterproductive constraint. The need for such a phenomenon can be understood, however, after consideration of the function and dimensions of capillaries. Capillaries are long, thin tubes which provide a large surface area over which exchange can occur. In the absence of a barrier, and at high rates of oxygen consumption, all the oxygen in the blood could diffuse into the tissue adjacent to the upstream end of the capillary and be utilized; blood then arriving at the downstream end of the capillary would have a marked reduced oxygen content, and the tissue adjacent to this portion of the capillary would become hypoxic (Goresky et al., 1983a) . However, coronary sinus (and capillary) pC>2 levels virtually never drop below 20 torr, in the absence of restriction of coronary blood flow. The effect which we have found, a high (but not unlimited) permeability but low oxygen tracer fractional escape rate, due to the red cell pool effect, allows some oxygen to diffuse across the proximal end of the capillary and leaves some to be carried downstream, so that tissues at the downstream end of the capillary can also be oxygenated. This provides a desirable functional design. With this effect on oxygen transfer, less oxygen reaches the tissue at each point along the capillary, but all points along the capillary will ultimately be supplied with oxygen. The red cell pool effect counteracts what otherwise would occur in the presence of a high permeability, because of the poor geometry of the capillary circulation. Consumption beyond the resistance then creates a stepdown in concentration to the lower levels in tissue.
